High-k dielectric materials are important as gate oxides in microelectronics and as potential dielectrics for capacitors. In order to enable computational discovery of novel high-k dielectric materials, we propose a fitness model (energy storage density) that includes the dielectric constant, bandgap, and intrinsic breakdown field. This model, used as a fitness function in conjunction with first-principles calculations and the global optimization evolutionary algorithm USPEX, efficiently leads to practically important results. We found a number of high-fitness structures of SiO 2 and HfO 2 , some of which correspond to known phases and some of which are new. The results allow us to propose characteristics (genes) common to high-fitness structures -these are the coordination polyhedra and their degree of distortion. Our variablecomposition searches in the HfO 2 -SiO 2 system uncovered several high-fitness states. This hybrid algorithm opens up a new avenue for discovering novel high-k dielectrics with both fixed and variable compositions, and will speed up the process of materials discovery.
Introduction
SiO 2 as a gate oxide has emerged as one of the key bottlenecks in downscaling a wide variety of devices considering its unacceptably high leakage current level originating from electron tunneling (Iwai & Ohmi, 2002; Sasaki et al., 1996) . Thus, finding superior alternatives, which have better electric characteristics and which are capable of forming a stable interface with the substrate, has become a major challenge. Among the various candidates for replacing SiO 2 as a gate oxide are ZrO 2 , HfO 2 , TiO 2 , Al 2 O 3 , Ta 2 O 5 , and Si 3 N 4 (Campbell et al., 1997; Gerritsen et al., 2005; Kadoshima et al., 2003; Nahar et al., 2007) , but it is hafnia (HfO 2 ) that has attracted the greatest interest for future sub-0.1 m gatedielectric thickness in complementary metal-oxide semiconductor (CMOS) devices (Wilk et al., 2001; Kingon et al., 2000; Robertson, 2004) because of its excellent static dielectric constant (k = 22$25), bandgap (E g = 5.5$6.0 eV), and electric breakdown field (E bd = 0.39$0.67 V nm
À1
) (Nahar et al., 2007) . At the same time, hafnium-based oxides can be made structurally stable on silicon during fabrication and operation by sufficiently increasing both the crystallization temperature and the resistance to oxygen diffusion, without significantly compromising the high dielectric permittivity of HfO 2 (Choi et al., 2011) .
It seems reasonable to merely search for materials with the highest possible dielectric constants. However, since the barrier height tends to decrease with increasing dielectric constant (Wilk et al., 2001) , the direct tunneling leakage is not solely or exclusively determined by the value of k (Wu et al., 2006) . Consequently, a carefully designed balance needs to be achieved for the static dielectric constant, bandgap, and electric breakdown field (Kawamoto et al., 2001) , given that it is impossible to simultaneously maximize k, E g , and E bd , at least in simple binary oxides (Choi et al., 2011) . Crystal structure determines the stability of materials and properties such as the dielectric constant and bandgap (Robertson, 2006; Caravaca & Casali, 2005) , and therefore we have focused our search on crystal structure prediction.
With this motivation, we performed hybrid optimization Zhu et al., 2011) , i.e. we searched for the globally optimal (with respect to fitness, i.e. the desired physical property described below) atomic configuration, considering only structures corresponding to local energy minima, i.e. structures that can exist as stable or metastable phases. Combination of local energy optimization and global fitness optimization leads us to call it a 'hybrid' approach.
In this study, we adopt a fitness carefully balancing the pertinent variables, namely k, E g , and E bd , ensuring the selected materials are highly scalable and usable for the next generation of microelectronic devices. All the relevant properties are calculated using first-principles calculations. This approach has been implemented in the USPEX (Universal Structure Prediction: Evolutionary Xtallography) code . The present paper is organized as follows: x2 describes the fitness model, x3 describes the calculation methods and parameters, x4 discusses the application of this approach to hafnia and hafnia-silica systems, and, finally, x5 summarizes the results and draws conclusions.
Fitness model
Under an external electric field, electronic clouds and ions shift slightly from their equilibrium positions, creating dielectric polarization that results in the storage and dissipation of electromagnetic energy in materials. Hence, dielectric properties are recognized to be of central importance for explaining various phenomena in electronics, optics, and solidstate physics (Aspnes & Studna, 1983; Zhao & Vanderbilt, 2002) . A dielectric is also called an insulator because it causes electrical obstruction, due to which the gate in a gate oxide can acquire a high transverse electric field that can strongly modulate the conductance of the channel in an electronic device (Hybertsen & Louie, 1987) . Materials with high dielectric constants are also used in capacitors. The measure of the electromagnetic energy stored within a dielectric is given by
where C is capacitance (in F) and U is the electric field (in V). This equation shows that the higher the capacitance and the electric field, the greater the energy storage and the better the performance of the devices. A gate dielectric film forms a parallel plate capacitor with capacitance C = " 0 kA/d, where A is the area of the film, d the thickness, " 0 the absolute permittivity of the vacuum (a constant equal to 8.854 Â 10 À12 F m À1 ), and k the relative permittivity. Relative permittivity, more usually called 'dielectric constant', is a dimensionless quantity (a ratio of the absolute permittivity of a dielectric medium to that of the vacuum). All materials will therefore have dielectric constants greater than 1. In general, promising high-k materials should have dielectric constants between 10 and 30 (Choi et al., 2011) , about one order of magnitude higher than that of -quartz. One way to increase the capacitance is to decrease d, which will eventually result in quantum-mechanical tunneling when a film scales down to 1 nm. Increasing the area of the film will not allow miniaturization of the devices, therefore, for a dielectric film of limited area and thickness to effectively suppress the leakage current, we need to find materials with high dielectric constants.
Another parameter related to the energy storage is the electric field that can be applied to the capacitor without causing dielectric breakdown. The maximum breakdown field is related to the bandgap (Wang, 2006) . Experimental tests provide a universal relationship (Wang, 2006; Ieong et al., 2004) between the intrinsic breakdown field E BI and the bandgap E g :
, where E gc = 4.0 eV, which is the critical bandgap value separating materials into semiconductors (below E gc ) and insulators (above E gc ), = 3 for semiconductors, and = 1 for insulators. It is desirable to have high-k materials with bandgaps greater than 4.0 eV, because in that case the breakdown field can be very high. This conclusion meets the reported criteria for high-k gate materials (Ieong et al., 2004) .
Consequently, the final fitness model should be given as that which maximizes the energy density max
With this new fitness descriptor, we can simultaneously account for the dielectric constant, bangap, and breakdown field during optimization, in a rational and comprehensive way. Remarkably, the same fitness can be used to search for optimal dielectric materials for capacitors and gate oxide materials. The dielectric constant is a tensorial quantity closely related to crystal structure, electronic structure, and lattice dynamics -but since most dielectrics are used in the polycrystalline form, here we use the orientationally averaged static dielectric constant.
Structure prediction and search for new dielectric materials
Computational materials discovery includes as its integral part crystal structure prediction . In our calculations, the dielectric constant and bandgap are evaluated for fully relaxed structures. These parameters are used to obtain the value of the fitness descriptor for global optimization. Here, we use the concept of hybrid optimization, where global optimization with respect to a given physical property (fitness) is performed over the set of local minima of the total energy (or another relevant thermodynamic potential) Zhu et al., 2011) . Global optimization was carried out using the USPEX code ( Total energy calculations and structure relaxations were carried out using the generalized gradient approximation (Perdew et al., 1996) , as implemented in the VASP code (Kresse & Furthmü ller, 1996) . Our ab initio calculations used the all-electron projector augmented wave (PAW method) (Blö chl, 1994) ([He] core with radius 1.52 a.u. for O, [Xe] core with radius 3.0 a.u. for Hf, and [Ne] core with radius 1.9 a.u. for Si), plane-wave basis sets with a kinetic energy cutoff of 600 eV, and Monkhorst-Pack meshes (Monkhorst & Pack, 1976) for Brillouin zone sampling with a reciprocal space resolution of 2 Â 0.06 Å À1 . These settings are sufficient for excellent convergence of the total energy, stress tensor, dielectric constant, and bandgap. DFT bandgaps are known to be underestimated (Johnson & Ashcroft, 1998) and more accurate values can be obtained (though at a much greater computational cost) by other methods, e.g. the GW approximation (Shishkin & Kresse, 2006 or hybrid functionals (Da Silva et al., 2007) . Here, we use DFT bandgaps as approximate and useful guide values.
For optimal high-k gate materials, in addition to optimal physical properties, we also need to ensure a good interface compatibility with the silicon substrate (Lee et al., 1999 (Lee et al., , 2000 . Consequently, the structures of mixed hafnium-silicon oxides [Hf 1Àx Si x O 2 , which can be considered as (HfO 2 ) 1Àx (SiO 2 ) x pseudobinary compounds] are worth investigating through this new fitness model.
The variable-composition optimization ) is a particularly powerful feature of USPEX, through which we can get the crystal structure information not only of end The main crystal structures of HfO 2 discovered by USPEX.
members HfO 2 and SiO 2 but also of pseudobinary HfO 2 -SiO 2 compounds and mixtures, allowing rapid screening of the compositional space through artificial intelligence. In order to discover the character of the crystal structure and its relationship with dielectric property, we explored HfO 2 , SiO 2 , and HfO 2 -SiO 2 . In variable-composition searches, any HfO 2 -SiO 2 compositions are allowed, under the constraint that the total number of atoms be in the range 3-30 atoms per cell. The first generation contains 50 candidate structures, while all subsequent generations contain 40 structures. 50% of the new generation is produced by heredity, 20% by soft-mutation, 20% by permutation, and 10% by transmutation. Calculations were allowed to run for at most 30 generations, and were stopped if for 10 generations the best found solution did not change. The structures were visualized using VESTA (Momma & Izumi, 2011) .
Results and discussion
Hafnia has three main polymorphs: monoclinic (P2 1 /c), tetragonal (P4 2 /nmc) and cubic (Fm3m) (Quintard et al., 2002; Lee et al., 2008) . The monoclinic phase has a baddeleyite-type structure and is thermodynamically stable under normal conditions, while the tetragonal polymorph (with a distorted fluorite-type structure; the ideal fluorite structure corresponds to the cubic polymorph) has the largest dielectric permittivity among the three phases. In our crystal structure searches, these three well-known phases were found. The tetragonal phase has the highest fitness value (604.04 J cm 
Figure 2
The main crystal structures of SiO 2 discovered by USPEX.
crystal structures of the HfO 2 polymorphs discovered by USPEX are given in Fig. 1 and Table 1 . The P2 1 /m (Fig. 1b) phase is a newly predicted structure with a slightly higher enthalpy (0.0277 eV/atom) compared to the P2 1 /c phase, and a significantly improved fitness (174.24 versus 121.59 J cm À3 , a 43% enhancement in energy storage). Table 2 shows that the dielectric constant and the corresponding fitness of the tetragonal-HfO 2 (P4 2 /nmc) are much higher than those of other polymorphs. The tetragonal phase is a distortion of the fluorite structure (the cubic phase) and has eightfold coordination of the Hf atoms; the P2 1 /c structure is topologically quite different, it belongs to the baddeleyite structure type and has sevenfold coordination of Hf; and the P1 and P2 1 /m structures have sixfold coordination of Hf. Analyzing our results, we see that the coordination number of Hf is an appropriate predictor for high-k materials -and thus can be considered a 'gene' determining high fitness. Generally, we find that the dielectric constant increases with coordination number, which is easy to understand, as increasing the coordination number leads to decreasing bond strength and the corresponding vibrational frequencies, which makes ionic polarization easier. This is also the reason why the dielectric constants are usually much higher for HfO 2 than for SiO 2 .
Some phases (e.g. ) because of their difference in terms of bandgaps (3.23 and 4.31 eV). Thus, we need to trade off the k and E g to get a higher F ED . Phases with bandgaps above 4.0 eV have intrinsic breakdown voltages exceeding 1.36 V nm À1 , i.e. they meet the working voltage requirement in Intel's first 22nm-based 3-D transistors and other CMOS devices (Batude et al., 2009) . We note, however, that bandgaps (and breakdown voltages) based on density-functional calculations are always underestimated (Johnson & Ashcroft, 1998) , usually by 10-40%. Thus, our predicted fitnesses are underestimated, and the actual fitness values will be even better, thus making our predictions safe for practical applications.
Similar trends are found for SiO 2 ; the most interesting structures discovered by USPEX are given in Fig. 2 References: (a) Downs & Palmer (1994) ; (b) Proffen et al. (2005) ; (c) Yamanaka (2005) . Table 4 Average static dielectric constant k, band gap E g , intrinsic breakdown field E BI , and F ED of the SiO 2 polymorphs. Table 3 . Again, we find that coordination number is a suitable (though only in the first crude approximation) predictor (gene) of high-k materials. Here, all the structures can be grouped into two classes, viz. (i) with a tetrahedral coordination of Si and (ii) with an octahedral coordination of Si. Just as for HfO 2 , here we see that structures with a higher coordination number have a higher dielectric constant, cf. -quartz (k = 4.77) and stishovite (k = 10.55) ( Table 4 ). The band gap decreases slightly in the same direction (from 5.57 to 5.22 eV, due to the increased occupancy of the d-orbitals of Si), but still fitness is greatly improved for the octahedral structures. Stishovite has the highest fitness (146.98 versus 75.90 J cm
À3
for -quartz, an almost twofold improvement of energy storage) and meets the lowest boundary for high-k materials (k = 10$30). Although the synthesis of the structures with octahedral Si usually require high-pressure conditions, stishovite can be quenched to ambient conditions after being synthesized. So far, only one silicate with such a coordination is formed under atmospheric pressure, viz. thaumasite Ca 3 Si(OH) 6 (CO 3 )(SO 4 )Á12H 2 O. Note also that fitness values for silica polymorphs are generally lower than those for phases of hafnia; hence, alloying with hafnia can be expected to improve performance of silica-based dielectrics. In our following investigation of HfO 2 -SiO 2 , we will see the characteristic genes from both HfO 2 and SiO 2 which contribute to an increase of fitness. Pseudo-alloys HfO 2 -SiO 2 show the same characteristic genes of high-k behavior as HfO 2 and SiO 2 . Different coordinations of Hf and Si co-exist in these compounds (Fig. 3) . For the pseudobinary compounds, the dielectric constants are somewhere in between the values for pure HfO 2 and SiO 2 (Table 6) . Only one compound, HfSiO 4 (space group I4 1 /amd), is found to be thermodynamically stable -and it indeed corresponds to the known phase that exists in nature as The main crystal structures of HfO 2 -SiO 2 compounds discovered by USPEX. mineral hafnon. Some metastable phases are also worth noting. For example, Hf 3 SiO 8 has two polymorphs: P43m and I42m. The tetragonal I42m form is obtained from P43m by a Hf-Si swap (permutation) (Figs. 3f and 3g ) which improves the enthalpy of formation from oxides from 0.0352 to 0.0304 eV/ atom (Table 5) , improves the orientation-averaged dielectric constant from 18.01 to 21.43, and improves the bandgap from 4.42 to 4.64 eV (Table 6) . As a result, its fitness improves by 32%. This illustrates how effectively the variation operators of USPEX (such as permutation or atomic swap) can improve the fitness.
The compositional dependences of enthalpy of formation and energy density are illustrated in Fig. 4 (I42m) ; their fitness is three times greater than that of SiO 2 -quartz. Clearly, further improvements are possible by considering other alloying systems. The methodology and principles presented here allow a systematic search for such improved materials.
Conclusions
We have proposed a fitness model that can be used as a figure of merit for gate oxide materials and for dielectrics in capacitor applications. This expression contains the static dielectric constant, bandgap, and intrinsic breakdown field. Its use in conjunction with the first-principles global evolutionary algorithm will lead to the discovery of novel dielectrics. This approach has been implemented in the USPEX code and applied to study the HfO 2 -SiO 2 system. Among these structures, we found basic characteristics that can be used as predictors (genes) of high-k properties and thus establish clear structure-property relations. Generally, a higher coordination number corresponds to a larger dielectric constant. HfO 2 (P4 2 /nmc) has a fitness eight times greater than SiO 2 (-quartz). Among the pseudobinary HfO 2 -SiO 2 compounds, Hf 3 SiO 6 (space group I42m) and HfSiO 4 (space group I4 1 /amd) have almost the same highest fitness (energy storage performance), which exceeds that of SiO 2 -quartz by a factor of three. This hybrid optimization approach opens up a new avenue for discovering novel high-k dielectrics with both fixed and variable compositions, and will speed up the innovative design of the materials genome structure-property database.
